Abstract: Climate change is expected to modify the hydrological cycle resulting in a change in the amount, frequency, and intensity of surface precipitation. How the future hydrological pattern will look is uncertain. Climate change is expected to bring about intense periods of dryness and wetness, and such behavior is expected to be difficult to predict. Such uncertainty does not bode well for the agricultural systems of the United States (US) Midwest that are reliant on natural precipitation systems. Therefore, it is necessary to analyze the behavior of precipitation during the cropping period. The manifestation of global-warming-related changes has already been reported for the last couple of decades and more so in the current decade. Thus, precipitation data from the recent past can provide vital information on what is about to come. In this study, the precipitation data of Illinois, a Midwestern state of the US with rain-fed agriculture, was analyzed with a focus on the climate dynamics during the cropping period. It was observed that even though there has been some increase in the annual precipitation amount (+1.84 mm/year) due to the increase in precipitation frequency and intensity, such change happened outside of the cropping period, thereby ensuring that climate change has not manifested itself during the cropping period.
Introduction
According to the fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC), the last three decades on Earth have been increasingly warmer than the previous decades [1] . The report also states that on a global scale, the troposphere has warmed, whereas the lower stratosphere has cooled since the 1950s. Climate change affects the hydrological cycle, which results in frequent floods, droughts, and other abnormalities on the Earth's surface. It also affects the stationarity of climatic variables, such as precipitation and temperature, by changing the mean and extremes for precipitation, evapotranspiration (ET), and runoff [2] . Stationarity of a variable implies that its probability density function is time invariant, because the natural system that gives rise to this variable fluctuates only within an unchanging envelop of variability [3, 4] . Hitherto, most of the hydrological modeling, water resources management, infrastructural design, and operation processes have relied upon the fundamental assumption of stationarity of temperature and precipitation [5] [6] [7] [8] . But the concept of stationarity has been compromised by anthropogenic interventions in the water basins, as well as by the effects of climate change. Therefore, it has become necessary to analyze the stationarity of climate data before using it for planning purposes.
One of major consequences of the loss of stationarity of climatic parameters is an increase in the uncertainty of those parameters [9] . Water vapor accounts for a very small portion (0.25%) of the atmospheric constituents, but is an important regulator of global climate and weather patterns [10] . Increased surface temperature causes more ET of surface water, the process itself being facilitated by the increased water-carrying capacity of the atmosphere due to the elevated temperature [10] . This alteration of ET is expected to intensify the hydrological cycle with larger implications for ecosystem services [11] . At the same time a decrease in the total global land surface ET was observed due to the limitations of the moisture source itself [12] . Higher surface evapotranspiration leads to increased intensity and duration of drought. At the same time, the potential of atmospheric storms to carry moisture is elevated, which results in more precipitation events [13] . The variance of precipitation has been increasing globally with wet areas receiving more rainfall and dry areas becoming drier [14] . While the changes in rainfall amount and rainy days in India have not been significant [15] , they have been decreasing in Italy [16] and increasing in China [17] . It has also been observed that the frequency of precipitation extremes and floods has increased significantly in Europe [18] and the United States (US), but not in Canada [19] [20] [21] . This increased uncertainty in weather and climatic patterns is going to have larger implications for the ecosystem services and other natural systems. It is worth noting that our ability to predict the climatic parameters, such as temperature and precipitation, with a comfortable level of confidence has already been hindered by great uncertainties that stem from our limited knowledge of physical and atmospheric processes [22] .
Agriculture accounts for about 80% of the total global anthropogenic water use and is thus the largest single consumer of the fresh water [23] . Not all agricultural land has the insurance of a regular supply of water from an irrigation system, because irrigation-related withdrawals account for only 60% of freshwater withdrawals. The remaining agricultural land is dependent on precipitation for its water supply, which is a natural inheritor of uncertainty in the hydrological cycle and precipitation due to climate change. Crop yield is susceptible to both intense droughts and extreme precipitation events. While droughts create water stress in growing plants, excess water in the soil is detrimental for the plant health because it causes flooding and washes off the fertile topsoil [24, 25] . Thus, neither excess water nor extended dry periods are suitable for plant growth. While irrigation protects plants from such extremes by ensuring a regular fulfillment of plants' water requirements at a scheduled interval, rain-fed agricultural systems are vulnerable to the vagaries of the atmospheric processes. Therefore, such rain-fed systems are expected to be hit hard by the impacts of climate change.
The Corn Belt of the US Midwest, comprised of roughly 11 states that straddle the Mississippi river, is an expanse that includes Ohio in the East to eastern Nebraska and South Dakota in the West. The Corn Belt contributes approximately 80% of the total corn production in the US and also accounts for 36% of the global corn production [26] . Despite the substantial contribution of the Corn Belt to the corn market, only 43% of the corn production area is irrigated [27] . While the states to the West of Mississippi River have well-developed irrigation systems, the states lying to the East of the river are mostly reliant on rain-fed systems [28] . Most of the agricultural land in the two largest corn-producing states of the US-Iowa and Illinois (in the same order)-get their plants' water supply almost entirely from precipitation. This dependence on a rain-fed system without any viable alternatives exposes the agriculture in these states to the uncertainty brought about by climate change. Therefore, it becomes necessary to analyze the climatic parameters, such as precipitation and temperature, especially in the recent past and the near future, in relation to the impacts of their variability and changes on the agricultural systems.
There have been numerous studies that have attempted to determine the impacts of climate change on precipitation patterns and temperatures from climatological and hydrological perspectives at global and regional scales [29] [30] [31] . Although there are few studies that have investigated how climate change might impact crop yield [32, 33] , to our knowledge, there have not been any studies that focus on the changing dynamics of the climate itself during the cropping season in the US Midwest. Furthermore, from the perspective of a corn farmer in Illinois whose only source of irrigation is natural precipitation, the snowfall of winter-despite its role in and contribution to the hydrological cycle and annual precipitation-is of less relevance than the amount and frequency of rainfall in the summer and early fall months that represent the corn growing period and thus directly impact corn productivity. This provides a strong rationale to study the characteristics and trends of precipitation at a temporal scale significant to corn farmers-the cropping season. Therefore, in this study, we have tried to identify the footprints of climate change on the precipitation of the state of Illinois and the dynamics of this change in relation to the cropping season. [34] . The weather condition is very unstable with fluctuations in temperature, humidity, wind speed, and direction.
Materials and Methods

Study Area
Agriculture plays a huge role in Illinois' economy; rural Illinois depends on the economy generated from agricultural production, whereas urban Illinois profits from food processing industries and firms based on agriculture. With more than three-quarters of the state's land being used as farmland, Illinois is one of the biggest producers of corn and soybeans in the United States [35] . The increase in human population dictates that more food needs to be produced and constrained by the ever-diminishing area of the fertile land. With less than 5% of agricultural lands being irrigated, agriculture in Illinois depends primarily on rainfall. Thus, it is important to understand the properties and behavior of precipitation to ensure greater confidence in agricultural planning and its successful implementation.
Illinois is prone to extreme weather conditions and climatic hazards. The state experienced deadly heat waves in 1995 and 1999, which caused many human and economic losses in the area. Similarly, cold waves, blizzards, flash flooding, and rainstorms are common hazards in Illinois. Illinois faced unexpectedly warm winters in 1997-1998 due to El Niño. Serious droughts hit the state in 1930-1931, 1933-1934, and 1953-1954 due to inadequate precipitation [34] . The significant droughts in the 2000s include the drought of 2007 and the drought of 2012, which was the worst drought the state had experienced in recent history with statewide average precipitation at 713.7 mm. It resulted in lower yields of corn and soybeans and impacted the livestock industry as well [36] . On the other hand, June of 2015 was the wettest month recorded in the last 100 years with 221.2 mm of rainfall; the normal rainfall for June in Illinois is 106.9 mm [37] .
Daily precipitation data from 119 weather stations in Illinois, spatially distributed as shown in Figure 1 , has been used in the study (the locations of these stations have been provided in the supplementary materials). Most of the data used was obtained from the United States Department of Agriculture's Agricultural Research Service (USDA ARS). This dataset provided by the USDA ARS is derived from the National Oceanic and Atmospheric Administration (NOAA) data, which includes Cooperative Observer Network (COOP) and Weather Bureau Army Navy (WBAN) stations. Climate data for some of the stations was obtained from the Midwestern Regional Climate Center (MRCC) database.
The stations used in this study were selected based on several criteria, which included length of the data, completeness, and the spatial distribution of the stations. Based on these criteria, 119 stations were chosen that had precipitation data from 1950 to 2010 with more than 90% coverage (i.e., <10% missing data) and are distributed across the Illinois (station coverage 1 per 1260 km 2 ). The data obtained from the USDA ARS was more than 99% complete as ARS fills in the missing data using an inverse distance weighted interpolation method. 
Trend Analysis
Various parametric and nonparametric statistical methods have been developed for determining trends in a time series. The Mann-Kendall (MK) test is one of the frequently used methods for testing trends in precipitation data [38] [39] [40] [41] [42] . Unlike regression analysis, which requires the data series to be normally distributed, the MK test does not require the underlying data to follow a specific linear distribution or the trend, if at all. The only underlying assumption of the MK test is that when no trend is present, the data is independent and identically distributed. The test procedure is also capable of dealing with missing data, which is a common occurrence in precipitation data series. Due to these properties of the MK test, it has been reported by the World Meteorological Organization (WMO) for climate change analysis [43] . Because the MK test does not give the magnitude of the trend, the Theil-Sen Slope Estimator (also nonparametric) has been used to obtain the magnitude in this study. The Theil-Sen approach (TS) has been found to give a better estimate of the slope than that obtained from the ordinary least-square regression model. The MK test and TS methods have been widely used to test the stationarity, or lack thereof, in climatic time series [44] [45] [46] [47] [48] [49] [50] .
Mann-Kendall Trend Test
The MK trend test is a nonparametric procedure for statistically assessing the monotonic trends in the variable of interest over time. The null (H o ) and alternative (H a ) hypotheses for the MK test, used in this study, are as follows:
H o : No monotonic trend is present; H a : Monotonic trend is present. The test statistic S is given by:
where n is the number of data points, x i and x j are data values in time series at time i and j, respectively (j > i), and sgn(x j − x i ). is the sign function given by:
The variance of the statistic is given by:
where t p is the number of ties for pth value and q is the number of tied values. For sample size n > 10, the standard test statistic Z is given as:
Theil-Sen Slope Estimator
The Theil-Sen slope estimator is a nonparametric approach to quantify the slope of the trend in a time series, given as:
where Q i is Sen's slope, x j and x k are data values of the same observational unit at time j and k, respectively (j > k).
If the time period has only one datum, then N = n(n − 1)/2, where n is the number of time periods.
The total N values of Q i are ranked in ascending order, and the median of Sen's slope is calculated as:
The sign of Q med reflects the data trend direction, whereas its value gives the magnitude of slope of the trend.
Results
Long-Term Properties of Precipitation
Based on this analysis, the state of Illinois receives an annual precipitation of 1061 mm. The value is obtained as an area-weighted average of the long-term average annual station precipitation. The spatial distribution of the long-term annual precipitation for the state has been presented in Figure 1 . The southern part of the state receives more precipitation than the northern part. Whiteside County, located at the Northwest of the state, receives a minimum annual precipitation of 863 mm, and Alexander County, located in the southern extreme of the state, receives a maximum precipitation of 1244 mm. The number of annual rainy days is seen to increase from West to East. Maximum and minimum annual rainfall days for the study region was found to be 82 and 171, respectively. For most of the stations, rainfall days varied from 88 to 130, with higher rainfall days observed only by 6 stations.
The monthly distribution of the annual precipitation has been presented in Figure 2a . While the precipitation distribution is fairly uniform throughout the year, spring and summer receive more rainfall than autumn and winter. The summer months receive the highest amount of precipitation; as for the three months of May-July, the precipitation exceeds the threshold of 100 mm, with a maximum precipitation of 107.5 mm in the month of May. The months of January and February receive precipitation lower than 60 mm, with the precipitation being confined to 50 mm in February. On average, Illinois receives precipitation for 109 days a year. The monthly distribution of rainy days has been shown in Figure 2b . The months of April, May, and June receive rainfall for more than 10 days. February and September receive rainfall for less than 8 days. In Figure 2c , the annual time series of the precipitation for the region has been shown. The time series is accompanied by the plot for the standard error for each year. The standard error is obtained by dividing the standard deviation for each year (obtained from the annual precipitation of all 119 stations) by the square root of the total number of stations. The annual precipitation was found to increase at the rate of 1.84 mm/year, and statistically the slope was not found to be significant. The insignificance of the precipitation change is also underscored by the flatness of the overlapping line for the 10-year moving average. 
Trends in Annual and Seasonal Precipitation
Because it is difficult to glean useful information about long-term trends in precipitation from the data on a daily scale, the time series was aggregated into an annual scale. Because the measurement of precipitation is volumetric, the average annual value of precipitation for a year is the sum of the daily values for that year. The result of the analysis at the annual scale has been presented in Figure 3 . Out of the 119 stations used in the analysis, it was observed that 114 stations recorded increasing precipitation over the study period. Of those 114 stations, the positive trend was statistically significant for 51 stations (~40%). This shows that, on average, precipitation is increasing over Illinois. The trend of the total number of rainy days in a year was also computed. It was observed that 89 stations showed an increasing trend of annual rainy days with the trend being significant in 48 stations. Of the remaining 30 stations, which had decreasing numbers of annual rainy days, the trend was significant in only two stations. With the changing climate, it is expected that extreme precipitation events are going to be more frequent. With the analysis of extreme precipitation events, defined as a daily precipitation value that is greater than the 90th percentile value of the observed precipitation data for the station, it was found that the number of occurrences of extreme precipitation events is also increasing. An overwhelming 109 stations experienced an increase in extreme precipitation events. Of those 109 stations, the increase was found to be significant in 45 stations. Following the analysis at an annual level, this study also investigated precipitation trends at a seasonal level. Illinois is characterized by four distinct seasons-spring (March, April, May), summer (June, July, August), fall (September, October, November), and winter (December, January, February). The result of the analysis has been presented in Table 1 . The positive and negative signs correspond to increasing and decreasing trends, respectively, and the figures inside the parenthesis represent the number of stations with statistically significant trends. Delving into the seasonal level provides us an opportunity to comprehend the within-year distribution of the change. It can be inferred from Table 1 that most of the change that we observed earlier in the annual data is concentrated in the fall. It can also be seen that the summer, during which the crop is growing and requires most of the water for its physiological activities, has not changed significantly. 
Trends in Precipitation during the Cropping Season
In this study, the period in each year starting from April 15 and ending on October 15 was designated as the cropping season. The USDA reports the earliest planting date and the latest harvesting date for each county of Illinois [51] . The period adopted here adds a tolerance buffer of 15 days on either end of that reported period. The results for the two major parameters has been shown in Figure 4 , and the results for the rest of the parameters have been displayed in Table 2 . While it was observed that there is a general pattern of increasing precipitation during the cropping period with a positive trend being observed in 101 stations, only 16 of the 101 stations had a significant increase. It was also observed that among the 83 stations showing an increase in the number of rainy days, the trend was significant in only 33 stations. Of the remaining 36 stations, the number of rainy days had reduced significantly in five stations only. In this study, we also analyzed the trends of consecutive rainy days and consecutive dry days. For this purpose, a period of five or more consecutive dry days was considered to be a dry period, and a period of three or more consecutive wet days was considered to be a wet period. An important parameter of interest is the average number of days in dry period (along with the analogous parameter for the wet period). It was observed that neither the wet nor dry periods had experienced any significant trend in the average number of days. 
Discussion
It can be inferred from the results that the annual precipitation in Illinois has been increasing slightly based on the analysis of 60 years of precipitation data. While the trend is statistically significant in less than 50% of the observed stations, the annual precipitation in most of the stations shows an upward movement temporally. Spatially, this increasing precipitation did not follow any discernable pattern, even though we can see that the density of the stations with significant trends is slightly higher in the northern and central regions of the state than in the southern region. Thus, it would be safe to infer that the stations with significant amounts of increasing precipitation are distributed randomly across the state, without any salient spatial pattern. It can be also be further inferred from this random spatial distribution that the causal factors for such increases in precipitation have impacted the whole state almost uniformly. A study found that very few stations in the coterminous US exhibited trends in precipitation amounts and frequency, and any changes, when present, were concentrated within limited areas, pointing towards localized effects. The study, carried out by [38] , showed that most of the change was concentrated in the eastern and Midwestern states. Their study also showed that there are a reasonable number of stations with significant, positive trends in the northern and central regions of Illinois, thereby supporting the finding of this study. This increase in precipitation can be attributed to two sources. First of all, we saw that the number of rainy days has increased. This implies that the frequency of precipitation events has increased. Secondly, the extreme precipitation events (described as precipitation in the upper 10 percentiles of the data) have also increased in the state. Thus, we have had an increase in both the intensity and frequency of precipitation, and these two factors have contributed to the increasing precipitation amounts in tandem. An analysis of the precipitation data for the coterminous US since 1910 also produced similar conclusions [30] . They found that precipitation has increased by 10% over the contiguous US, and they also attributed that increase in precipitation to the increase in frequency and intensity of the rainfall.
On further refining the temporal scale to the seasonal level, it was observed that most of the change in precipitation is concentrated in the fall. While we saw a general increase in precipitation in all the seasons, the increase was significant for most of the stations in the fall only. This is in contrast to the finding of [38] , in which the researchers found that in Illinois, the majority of the change is concentrated within the winter and summer months. Because the number of stations considered in this study is much higher than that considered by the aforementioned study, we assert a higher degree of confidence in our findings. A study carried out by [52] found that precipitation in the fall has been increasing gradually since the 1980s in Illinois and Indiana, and this finding further bolsters our results. That said, the scope of this study is limited to the statistical analysis of the time series of historical precipitation data, and data analytics alone is insufficient to understand the seasonal pattern of such change. Indeed, further analysis warrants hydro-climatological analysis.
While annual and seasonal scales are informative from the perspective of water managers, the most relevant period for the farmers of Illinois is the cropping period. The author of [52] found that Midwestern precipitation changes have slowed down the corn yield. This study demonstrated that while precipitation has increased over the cropping period, it has not increased significantly. Nonetheless, we saw some increase in frequency of rainy days during this period. Increased frequency of precipitation ensures regular supplies of water for growing plants and is therefore a good outcome from an agricultural perspective. Another important factor that can affect the crop yield is the duration and frequency of wet and dry periods. A simulation study was carried out to determine the effects of excess precipitation from climate change on US crops and the study concluded that corn production losses may double under increased moisture conditions and thus cause an estimated loss of $3 billion per annum [24] . On the other hand, a field study to determine the effects of water stress found that water stress reduces crop yields significantly [25] . It was observed that while there has been a slight increase in the frequency of wet periods, there has not been much increase in the frequency of dry periods. It was also worth noting that there has not been any significant change in the average number of days in the dry or wet periods. While various studies have suggested an increase in the intensity and frequency of droughts under global warming [31] , the precipitation pattern of Illinois is yet to exhibit any signs of such anticipated intensification of dry periods.
It can be concluded from the results presented above that the vulnerability of the crops to extreme climate events has not increased in Illinois. These results seem to contradict the anticipated effects of climate change and fail to compromise the concept of stationarity as is widely predicted (as discussed in the Introduction). But it is worth remembering here that most of the hypotheses, findings, and conclusions addressing the issues of climate change and the stationarity of climatic parameters have been formulated at a global scale, and despite its global agricultural significance, the local determinants of the climate of Illinois may be strong enough to offset the global effects as they currently stand. Therefore, the findings of this study should not be interpreted as a rejection of the impacts of global climate change and the subsequent loss of stationarity. It is recommended that this study be interpreted as a welcome finding for the state that prides itself as the second largest producer of corn in the US.
Conclusions
This study focused on determining the long-term properties of precipitation patterns in Illinois using precipitation time series data from 119 spatially distributed stations around the state. Long-term trends in precipitation were also analyzed to determine the effects of global warming and climate change. It was observed that the precipitation amounts in Illinois have increased slightly over the past 60 years and that increase can be attributed to the increase in frequency of both average rainfall and extreme precipitation events. While most of the seasons show a trend of increasing precipitation amounts, most of the increase is concentrated on the fall. Thus, this increase in precipitation has not been advantageous from the agricultural perspective because most of the increase is occurring outside of the cropping period. But, nevertheless, both droughts and intense rainfall events have not become more frequent in the cropping period, as expected from the findings of other climate studies, and this provides a silver lining for long-term agricultural prospects in Illinois. This study concentrated mostly on the analysis of time series data to identify the signatures of climate change on precipitation levels. One of the findings of this study-the intensification of precipitation during the fall-cannot be explained by the data alone. Therefore, it would be interesting to explore the climatological reasons for such behavior of fall precipitation, and thus, this could be a path forward to extending this study.
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